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Abstract 18 
The commonly accepted Cathodic Protection (CP) criterion i.e. 100mV decay evolves from 19 
experimental investigations and may not always be accurate. Alternatively, corrosion rate 20 
monitoring can assess the adequacy of CP. This work examines the possibility of predicting 21 
the corrosion rate of steel in concrete using polarization data induced by known applied 22 
current density using Butler Volmer equation. For this, the value of cathodic Tafel slope (βc) 23 
plays an important role; decreasing βc from 210 to 60mV, decreases the corrosion rate by 24 
92% at 20mA/m2 current density. 25 
                                                 
* Corresponding author  
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The adequacy of the proposed method is evaluated by applying Impressed Current Cathodic 26 
Protection (ICCP) to concrete specimens which have a zinc rich paint (ZRP) as an external 27 
anode for a short duration of time. Results showed that to achieve at least 100mV of 28 
depolarization, the applied current density should be at least 7 times the corrosion rate for the 29 
ZRP anode. However, this holds true, considering the short duration of the tests. Prediction of 30 
the corrosion rate of steel from potential shift forms the basis for the improved CP 31 
performance criterion for reinforced concrete structures.  32 
Keywords: Corrosion; Reinforced Concrete; Cathodic Protection; Potential Shift; Butler 33 
Volmer Equation, Corrosion Rate 34 
1. Introduction 35 
Cathodic protection (CP) is an electrochemical technique used for halting or reducing the rate 36 
of corrosion in reinforced concrete structures without having to remove chloride-37 
contaminated concrete [1–6]. In 1982, the U.S. Federal Highway Administration 38 
memorandum stated that ‘the only rehabilitation technique that has been proven to stop 39 
corrosion in salt-contaminated bridge decks regardless of the chloride content of the concrete 40 
is cathodic protection’[7]. It is cost effective in the long run compared to other 41 
electrochemical techniques. It can treat a larger area simultaneously and most importantly 42 
does not give rise to incipient anode problems. Therefore, it is the most suited repair 43 
technique to be employed in chloride contaminated structures [8]. 44 
The principle of CP is to deliver an appropriate cathodic polarization current to the protected 45 
structure so that the potential of the protected structure is negatively shifted such that the 46 
corrosion rate is either reduced or the steel reaches its passivation [2,9]. The suitability of CP 47 
can be assessed on two bases: 1) it involves thermodynamic considerations which include 48 
moving steel potential to the immune zone of Pourbaix diagram, 2) It involves examining the 49 
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kinetics of the involved reactions based on experimental measurements of current to potential 50 
relationships of both cathodic reactions and metal dissolutions [10]. Some of the methods 51 
used for monitoring are: Absolute Potential, Polarization curves, Depolarization method and 52 
AC impedance response. The most commonly used method for CP monitoring for 53 
atmospherically exposed structures is based on BS EN ISO 12696 criteria i.e. a) 54 
Instantaneous OFF potential more negative than -720 mV vs Ag/AgCl/0.5MKCl (silver-silver 55 
chloride) or b) 100 mV decay criterion [11]. However, the adequacy of 100 mV criterion has 56 
been challenged by some researchers and the theoretical basis for its use is still subject to 57 
investigation [12]. Moreover, 100 mV decay measurement alone might not be enough to 58 
accurately predict corrosion state of rebar. Therefore, for more accurate determination of 59 
corrosion state and to assess future corrosion risk, it is necessary to determine the corrosion 60 
rate of steel in concrete.  61 
Corrosion rates are related to potential shifts and applied current density [13]. Stern and 62 
Geary, developed an experimental procedure for measuring corrosion rates known as Linear 63 
Polarization Resistance technique (LPR) [14]. The LPR method provides quantitative 64 
information on corrosion rates; however, the value obtained is an instantaneous value and is 65 
largely influenced by climatic changes such as temperature and humidity [15,16]. In this 66 
paper, an alternative approach is suggested to monitor the corrosion rate of steel in concrete 67 
after the application of cathodic protection, using the polarization data.  68 
This work examines the adequacy of cathodic protection through the Butler Volmer equation 69 
and tests its validity when applied to reinforced concrete. The adequacy is tested by applying 70 
Impressed Current Cathodic Protection (ICCP) to concrete specimens having Zinc Rich Paint 71 
(ZRP) as an anode system. Zinc-rich paints (ZRPs) are efficiently used as an anticorrosion 72 
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paint on ferrous metals and as a substitute to hot-dip galvanizing [17]. They are used as a 73 
conductive coating anode for ICCP system in the present study. 74 
2. Theoretical Basis 75 
Considering equilibrium at any given point on the metal surface, the rate of forward and 76 
backward reactions is equal. In concrete, at equilibrium conditions, reactions given by Eq. 1 77 
and 2 are equal at steel surface. However, when cathodic and anodic half cells are ionically 78 
(through concrete pore solution) and metallically (through reinforcement) connected, a net 79 
current flows between them and equilibrium potential shifts through polarization [18].  80 
                                                           (1) 81 
                                                                                (2) 82 
If the concentrations of the reactants and products at the electrode surface are the same as in 83 
the bulk solution, the difference in potential from the reversible potential for a given reaction 84 
is called activation overvoltage or charge transfer overvoltage [19]. For such reactions, the 85 
relationship between the rate of reaction, which can be expressed by a current density i, and 86 
the driving force for the reaction, or potential E, is given by the Butler-Volmer equation (Eq. 87 
3) [19,20]: 88 
                                                                 (3) 89 
Where η = E- ee i.e. the difference between the potential, E, when a net current flows through 90 
electrochemical cell and reversible half-cell potential, ee; io (A/m2) is exchange current 91 
density; R is Gas Constant; F is Faraday’s Constant; T is Absolute Temperature and αc is the 92 
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fraction of total energy that decreases the energy barrier for cathodic reactions and αa is the 93 
fraction of total energy that increases the energy barrier for anodic reactions. 94 
At large over potential (η) and anodic partial current, the cathodic term becomes negligible 95 
and above equation is simplified to: 96 
                                                                                                                    (4) 97 
                                                                                                          (5) 98 
Anodic sites on a steel surface are mainly polarized through the activation polarization [18]. 99 
Rearranging the above equation gives,  100 
                                                                                            (6) 101 
Where, Ea (V) is polarized anodic potential, EFe is as given in Eq. 7, βa (V/dec) is anode Tafel 102 
slope given by βa = (2.3RT/αaF), io(A/m2) is anodic exchange current density and ia (A/m2) is 103 
anodic current density. 104 
                                                                         (7) 105 
On the other hand, cathodic sites on a steel surface can be polarized through both activation 106 
and concentration polarization, given by: 107 
                       (8) 108 
           Activation      Concentration Polarization 109 
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Where, Ec (V) is polarized cathodic potential, EO2 as given in Eq. 9, βc (V/dec) is cathode 110 
Tafel slope given by βc = (-2.3RT/αcF), io (A/m2) is cathodic exchange current density, ic 111 
(A/m2) is cathodic current density, n is no. of electrons and iL is limiting current density (Eq. 112 
10): 113 
                                                          (9) 114 
                                                                                                         (10) 115 
Where d (m) is diffusion layer thickness, D (m2/s) is oxygen diffusion coefficient, CO2 116 
(mol/m3 pore solution) is the concentration of dissolved oxygen on the concrete surface. The 117 
concentration polarization occurs only when oxygen availability at the cathodic site is not 118 
enough to sustain the oxygen reduction process  [18]. 119 
In the 1950s, the Butler Volmer equation was simplified by assuming that the potential shift 120 
was small (10-20 mV). The relationship between current and potential was approximated to 121 
be linear rather than exponential when measured close to equilibrium potential and the linear 122 
polarization method was developed. Thus, approximating the exponential terms of the above 123 
B-V equation (Equation 3) based on (ex = 1+ x): 124 
   and              (11) 125 
                                             (12) 126 
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Where Rp= (RT/nFio) is polarization resistance and B is Stern Geary constant. The value of 127 
Stern Geary Constant i.e. B (  ) is typically used as 26 mV for an active steel 128 
and 52 mV for a passive steel [21,22] 129 
The LPR method is most widely used to measure corrosion rates. However, the value 130 
obtained through LPR is approximated, instantaneous and largely influenced by climatic 131 
changes such as temperature and humidity [15,16]. This may lead to over or underestimation 132 
of corrosion rates. However, the LPR method cannot be used at potential shifts above 20mV, 133 
thus limiting its use for corrosion rate estimation for monitoring cathodic protection. 134 
Alternatively, for Cathodic Protection, using the polarization data, corrosion rate can be 135 
predicted using the Butler Volmer Equation. Modifying equation 3 and substituting                  136 
βc = (-2.3RT/αcF), βa = (2.3RT/αaF), i= iapp , io=icorr , η= E 137 
                                               (13) 138 
                                                           (14) 139 
Where iappl is the applied current density, icorr is the corrosion rate, ∆E is the potential shift 140 
and βa and βc are constants. This will give a better and more accurate prediction of the 141 
corrosion rate in comparison to LPR.  142 
In the present paper, this method is used to predict corrosion rate after cathodic protection of 143 
steel. 144 
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3. Experimental Method 145 
3.1 Specimens 146 
Three reinforced concrete slab specimens of size 200×200×70 mm were made of C32/40 147 
grade concrete with a water-cement ratio of 0.5. The details of the concrete mix proportions 148 
are presented in Table 1. Each specimen contained two 10 mm diameter ribbed steel bars 149 
with an exposed length of 100 mm and a silver/ silver chloride (Ag/AgCl/0.5MKCl) 150 
reference electrode. 3% NaCl solution was used for both curing and mixing to investigate the 151 
performance of cathodic protection and its equivalent percentage by weight of cement was 152 
deliberately added to the mixing water during casting. Specimens were demoulded after 24 153 
hours and cured in potable water for a total period of 28 days.  154 
Table 1. Mix proportioning of concrete specimens 155 
The surface of the specimens was prepared by wire brushing so that it attains medium 156 
roughness. Then primary anode conductor (Anomet Cu/Nb/Pt wire of 2mm diameter) was 157 
fixed on the top surface of concrete slab using epoxy resin. Then, the top face of each slab 158 
specimen was painted with three layers of Zinc Rich Paint (ZRP), making sure that the 159 
primary anode conductor is covered with the ZRP (Fig. 1) [23]. ZRP was used as an anode 160 
material to provide an impressed current cathodic protection to steel in concrete. Because of 161 
the pending patent and commercial confidentiality, it is not possible to disclose the full 162 
chemical composition of the ZRP. The specimens were then kept in the curing tank 163 
containing 3% NaCl water so that the samples were partially submerged in the salt solution. 164 
The environmental temperature conditions were kept constant at 23±1°C. 165 
Mix 
 
w/c 
Ratio 
Water 
(kg/m3) 
Ordinary 
Portland 
Cement 
(kg/m3) 
Sand 
(kg/m3) 
Gravel 
(kg/m3) 
Chloride 
(kg/m3) 
3% Chloride 0.5 180  360  640.5  1189.5  10.8  
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Fig. 1. Concrete specimen with Zinc Rich Paint (ZRP) primary anode 166 
3.2 Measurement 167 
The cathodic polarization test was carried out on the specimens at five levels of current 168 
densities, i.e., 10, 20, 30, 40 and 50 mA/m2 of steel surface area, which were approximately 169 
3.12, 6.25, 9.37, 12.5 and 15.62 mA/m2 of the anode surface area. Each sample was polarized 170 
five times for different level of current densities. The constant current output was supplied for 171 
3 days at each current level as steel/concrete potential shift became negligible after 3 days, 172 
and the polarization characteristics were recorded every minute using a computerized data 173 
logger. After 3 days, the ICCP system was switched off and instant-off potentials were 174 
recorded. The depolarization was continuously monitored using the computerized data 175 
logging for a 24-hour period, at a 1-minute interval. The polarization and depolarization data 176 
obtained from the application of various current densities in the experiment mentioned above 177 
were used to assess the corrosion rate using the Butler Volmer equation (Eq. 14).  178 
The LPR test was performed to determine the initial corrosion rate of the specimen before the 179 
application of CP by applying a small perturbation using a Potentiostat (make: Digi-Ivy, 180 
model DY 2300) to the slab specimens. In this method, reinforcements were polarized at a 181 
sweep rate of 0.01V/min within the range of potential change from -20 mV to +20 mV.  182 
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4. Experimental Results and Discussion 183 
4.1 Cathodic Polarization of Steel in Concrete using ZRP Anode 184 
The polarization and depolarization behavior evaluation of the ZRP anode with five different 185 
current densities (10, 20, 30, 40 and 50 mA/m2 per steel surface area) respectively are shown 186 
in Fig. 2. Some spikes were observed in the graph due to the fluctuation in the power supply 187 
to maintain a constant current. 188 
 
(a)  
 
(b)  
Fig. 2. (a) Polarization and (b) Depolarization behaviour of specimens at five different current 189 
densities w.r.t Ag/AgCl/0.5MKCl reference electrode 190 
The steel/concrete potential shift and potential decay for each current density is shown in 191 
Table 2. Potential shift is used to describe the difference between pre-energization potential 192 
and instant off potential, whereas potential decay is used to describe the extent of 193 
depolarization from instant off potentials. It can be observed that the higher the applied 194 
current density, the higher the steel/concrete potential shift. Moreover, the 100 mV decay 195 
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criterion was met at 40 and 50 mA/m2 of current density per steel surface area. The instant off 196 
potentials are IR free potentials. 197 
Current 
density/ 
steel 
area 
(mA/m2) 
Current 
density/ 
anode 
area 
(mA/m2)  
Pre 
energization 
Potential 
(mV) 
Instant 
Off 
Potential 
(mV) 
Steel/Concrete 
Potential Shift 
(mV) vs 
Ag/AgCl/0.5MKCl 
24 hr Decay (mV) 
vs 
Ag/AgCl/0.5MKCl 
10  3.12  -393 -411 -18 16 
20  6.25 -320 -376 -56 48 
30  9.37  -318 -383 -65 80 
40  12.50  -300 -486 -186 180 
50  15.62  -342 -498 -156.0 153 
Table 2. Summary of polarization test results 198 
Further, corrosion rate was determined from the modified BV equation (Eq. 14) using the 199 
potential shift and the applied current density data and assuming an anodic and cathodic Tafel 200 
slope of 120 mV. The relationship between potential shift and corrosion rate is shown in Fig. 201 
3.  The negative shift in steel/concrete/electrode corrosion potential is accompanied by a 202 
logarithmic decrease in the corrosion rate i.e. the higher the potential shift during 203 
polarization, the lesser the corrosion rate.   204 
 
Fig. 3. Relationship between potential shift and corrosion rate 205 
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As per BS EN ISO 12696: 2016 [11], the boundary between steel in a passive state and low 206 
corrosion risk is at an average of 2 mA/m2 corrosion rate. From Fig. 3, it can be seen that in 207 
order to move steel/concrete/electrode potential to the passive zone, a minimum of 150 mV 208 
potential shift is required during ICCP using a ZRP anode system. However, this criterion 209 
holds true only considering the short period of testing. For a longer period of polarization, the 210 
potential shift required might be different. 211 
Table 3 shows the corrosion rate measured using the LPR and BV methods before and after 212 
the polarization respectively. A decrease in corrosion rate is observed after the application of 213 
CP. Corrosion rate could not be determined from the LPR after polarization as it is limited for 214 
potential shifts less than 20 mV. 215 
Applied Current Density 
(mA/m2) 
Corrosion Rate before CP: 
LPR (mA/m2) 
Corrosion Rate after CP: 
BV (mA/m2) 
10 19.1 18.0 
20 19.6 14.0 
30 11.7 10.6 
40 16.5 1.2 
50 9.4 3.9 
Table 3: Corrosion rate before and after polarization 216 
4.2 Effect of Tafel slope on Corrosion Rate Estimation 217 
For on-site measurement, to predict the corrosion rate from linear polarization resistance 218 
method,  βa = βc = 120 mV, which gives B=26 mV is recommended [16]. Fig. 4. shows the 219 
effect of cathodic and anodic Tafel slopes on the corrosion rate estimation at different current 220 
densities. The values are obtained by changing βc and βa value from 30 to 210 mV and using 221 
potential shift data from the polarization results. 222 
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(a) Effect of βc (b) Effect of βa 
Fig. 4. Effect of (a) Cathodic and (b) Anodic Tafel slope on corrosion rate estimation at different 223 
current densities 224 
It can be observed that the effect of the anodic Tafel slope is small when compared to the 225 
cathodic Tafel slope. An increase of βc value from 60 to 210 mV, increased the corrosion rate 226 
from  0.4 to 5.7 mA/m2 at 20 mA/m2 current density. On the other hand, a change in βa from 227 
60 to 210 mV increased corrosion rate slightly from 2.07 to 2.13 mA/m2 at 20 mA/m2. Hence, 228 
corrosion rate estimation is more sensitive to the  βc value, and considering it as a constant 229 
value may result in errors in corrosion rate prediction.  230 
Thus, for further analysis, βc is predicted by plotting the change in steel/concrete/electrode 231 
potential against the logarithm of the applied current after each polarization. The slope of the 232 
curve will give an indication of the cathodic Tafel slope (Fig. 5). 233 
 
Fig. 5. Prediction of cathodic Tafel slope from a potential-current graph 234 
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The tafel slopes obtained were 147 mV, 173 mv and 219 mV for 10, 20 and 30 mA/m2 of 235 
current density respectively. In all the cases, the estimated cathodic Tafel slope is more than 236 
120 mV. Thus a Tafel slope of 120 mV used to evaluate the protection level will result in 237 
underestimation of the corrosion rate. This will risk suggesting a low corrosion that may not 238 
be the case in practice. 239 
4.4 Protection Criteria 240 
The steel/concrete potential shift vs Ag/AgCl/0.5MKCl is plotted against the ratio of the 241 
applied current density to corrosion rate from Butler Volmer (calculated from Eq. 14) in Fig. 242 
6. It can be observed that a higher ratio of applied current density to corrosion rate is 243 
accompanied by a higher potential shift. 244 
 
Fig. 6. Relationship between potential shift and the ratio of the applied current density to 245 
corrosion rate calculated from polarization data 246 
As mentioned above, the most commonly used and recommended cathodic protection 247 
monitoring criterion is to measure 100 mV potential decay following the interruption of the 248 
polarization current [11,24]. This implies that in order to achieve this criterion, at least 100 249 
mV of potential shift is required.  Thus, from Fig. 6, it can be estimated that when the ZRP is 250 
used as the primary anode for cathodic protection of steel in concrete, to achieve this 251 
criterion, the applied current density should be at least 7 times the corrosion rate. This was in 252 
close agreement with the ratio suggested by Glass et al. [12]. As in all the specimens, steel 253 
was in a highly chloride contaminated environment before application of ICCP, thus the steel 254 
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was in a moderate to high corrosion risk state. Considering the boundary between moderate 255 
and high corrosion risk, as recommended by the Concrete Society Technical Report No. 60 256 
[25] to be average 5 mA/m2 corrosion rate, the required current density to satisfy ICCP 257 
protection criterion is minimum  7 times the corrosion rate i.e. 35 mA/m2 per steel surface 258 
area.  259 
This confirmed the previous postulate where 40 mA/m2 per steel surface area equivalent to 260 
12.5 mA/m2 per anode surface area was obtained as an optimum current density required for 261 
cathodic polarization of steel in concrete using ZRP anode to satisfy 100 mV decay criterion. 262 
Moreover, it was observed in Fig. 3 that to move steel/concrete potential to a passive zone in 263 
the case of using the ZRP anode system for cathodic protection, at least 150 mV potential 264 
shift is required. Thus from Fig. 6, it is estimated that the applied current density should be at 265 
least 15 times the corrosion rate to achieve 150 mV potential shift. Since the optimum applied 266 
current density is 40 mA/m2 per steel surface area (i.e. 12.5 m2 per anode surface area), the 267 
achievement of this implies that steel is in near passive state.  268 
However, this postulate holds true considering the short duration of the test, as a result BS 269 
EN ISO 12696 criteria (a) [11] was not achieved for lower applied current densities. Hence a 270 
higher current density was applied. Moreover, samples were polarized in partially saturated 271 
conditions, thus requiring a higher potential shift to satisfy the BS EN ISO 12696 criterion (b) 272 
[11]. For atmospherically exposed concrete specimens polarized for longer durations, 273 
criterion (b) could be met with a smaller current density. 274 
5. Conclusion 275 
Potential shift data obtained from polarization results by applying a known current density 276 
may be used to successfully estimate the corrosion rate of steel in concrete using the Butler 277 
Volmer equation.  278 
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Moreover, it was observed that the cathodic Tafel slope (c) plays an important role in 279 
corrosion rate estimation. Keeping this value constant, as in the case of LPR, results in an 280 
underestimation of corrosion rate. Moreover, results showed that to achieve at least 100 mV 281 
of depolarization, the applied current density should be at least 7 times the corrosion rate, 282 
which is true considering the short duration of the test. For atmospherically exposed concrete 283 
that is polarized for a longer period of time, CP performance criteria could be achieved for 284 
lower current density. Hence, predicting corrosion rates from the BV equation using potential 285 
shift forms the basis for an improved cathodic protection performance criterion for 286 
atmospherically exposed reinforced concrete.  287 
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